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We study the hidden-charm pentaquark states udscc¯ with spins 1/2, 3/2, and 5/2 within the QCD
sum-rule approach. First, we construct the currents for the particular configuration of pentaquark
states that consist of the flavor singlet three-quark cluster uds of spins 1/2 and 3/2 and the two-
quark cluster c¯c of spin 1, where both clusters are in a color-octet state. To obtain QCD sum rules,
the operator product expansion for the correlators is performed up to dimension-10 condensates.
The extracted masses from QCD sum rules for the hidden-charm pentaquark states uds-c¯c are about
4.6 GeV (5.6 GeV) for spin 1/2±, about 5.1 GeV (6.0 GeV) for spin 3/2±, about 6.1 GeV (5.9 GeV)
for spin 5/2±, where the masses of the positive parity states are given in parentheses. Additionally,
based on the flavor singlet pentaquark states, it is also shown that other pentaquark states of clusters
like udc-c¯s and usc-c¯d lead to masses similar to the uds-c¯c case within error bars. Furthermore, in
order to see whether any of the states, observed by the LHCb Collaboration, could be understood
as the pentaquark of two clusters in the color-octet state, we study the pentaquark formed by the
two clusters udc-c¯u, where the three-quark cluster is assumed to have the same flavor structure as
the above uds cluster. We come to the conclusion that if the observed pentaquark will be found to
have spin 1/2 and negative parity, then it could be described as a state of two color-octet clusters.
I. INTRODUCTION
Since the observation of the two exotic hidden-charm
pentaquark P+c states of the quark content uudcc¯ with
the spins 3/2 and 5/2 through the decay Λ0b → J/ψK−p
by LHCb collaboration [1], many studies on these states
and other expected hidden-charm pentaquark states have
been performed. Note that recently the LHCb collab-
oration has observed a three peak structure [2] using
an updated analysis. The pentaquark states, including
the above hidden-charm pentaquark states, were theo-
retically studied using quark models [3–5], diquark mod-
els [6–15], hadronic molecular states [16–20], the coupled-
channel unitary approach [21–23], the contact-range ef-
fective field theory [24], and the hadroquarkonia model
[25]. For a review on the hidden-charm multiquark states,
see [26]. Among the expected hidden-charm pentaquark
states, it is very intriguing to analyze the pentaquark
state with the quark content udscc¯, which was considered
in [3–5, 27, 28] within quarks models, since Λ0b could also
decay into J/ψK−p via J/ψΛ∗ and could be observed
through the decay Ξ−b → J/ψΛK− [4].
In this paper, we study first the flavor singlet hidden-
charm pentaquark states of udscc¯ with the spins 1/2, 3/2,
and 5/2 using QCD sum-rules (SRs). We assume that
these states consist of two colored clusters as discussed
in [5, 29, 30] within quark models. So, we consider them
as states consisting of the three-quark cluster uds and
the two-quark cluster c¯c. Additionally, we assume that
all quarks are in an S-wave, the colors of both clusters
are color octets, and the two-quark cluster has spin 1
∗Electronic address: pimikov@mail.ru
since it has been shown in [5] that such clusters of uds
and c¯c yielded the most stable result. To check this as-
sumption, we consider the pentaquark states containing
a scalar two-quark cluster and find that such states lead
to higher masses than those obtained from pentaquarks
with a two-quark cluster of spin 1. Then, we also ex-
amine other possible pentaquark states containing the
two clusters udc-c¯s and usc-c¯d by extending the results
of the flavor singlet uds and c¯c case. Furthermore, the
pentaquark states of the two color-octet clusters udc-c¯u
are studied to see if any of the states observed by LHCb
could be understood in terms of pentaquark state with
color-octet substructure.
This paper is organized as follows. Using the above as-
sumptions, we construct in Sec. II the interpolating cur-
rents for the hidden-charm pentaquark states with spins
1/2, 3/2, and 5/2 in the form of a product of the currents
for these two clusters as
J5q = J
m
3q J
m
2q
with the color index m. We perform the operator product
expansion (OPE) for the correlators with the interpolat-
ing currents in Sec. III and present the system of the
employed QCD sum rules in Sec. IV. Furthermore, since
the relativistic interpolating currents for the fermions can
be coupled to the two states with opposite parities when
the QCD sum rules are constructed, we discuss how to
extract the contribution to a state with definite parity
from the system of the QCD sum rules in Sec. IV. Fi-
nally, a comprehensive discussion of the results is given
in Sec. V.
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2II. INTERPOLATING CURRENTS
First, we consider the wave function of the flavor sin-
glet uds cluster for constructing the three-quark interpo-
lating current Jm3q . Then, we extend our current to the
case of three arbitrary flavors. We will take the flavor
structure of the interpolating current Jm3q from the flavor
singlet wave function in the flavor SU(3) space as
Jflavor ∼ (ud− du)s+ (su− us)d+ (ds− sd)u . (1)
We study both cases of an uds cluster: one with spin 1/2
and one with spin 3/2 for a total spin 1/2, 3/2, and 5/2
of the pentaquark states. To this end, we adopt the QCD
SR method applied to the analysis of the baryon octet
[31]. Therefore, we construct the current with the first
two quarks contributing spin 0 to the total spin of the
three-quark cluster with spin 1/2. On the other hand, in
the current for the three-quark cluster with spin 3/2, the
first two quarks give spin 1 to the total spin.
With these ingredients and Ioffe’s current [31, 32] with
the definite chiralities which are well known to form a
good basis, we consider the following structure of the
spin part of the interpolating current of the three-quark
cluster with spin 1/2
JAspin = 4(u
T
RCΓAdR)Γ2sL − (R↔ L) (2)
= (uTC{γ5,ΓA}d)Γ2s− (uTC{γ5,ΓA}γ5d)Γ2γ5s ,
where the superscript A means that the current is anti-
symmetric under the exchange of the spinor indexes of
the first two quarks. The first term in Eq. (1) is consid-
ered as an example, and then the rest is included in the
final stage. From the above expression, ΓA must satisfy
the following conditions in order to have no zero current
{γ5,ΓA} 6= 0 , (CΓA)T = −CΓA ,
where T means the transposition. These conditions limit
the choices of ΓA to ΓA = 1, γ5. For a uds cluster of
spin 3/2, we consider
JSspin = 2(u
T
RCΓSdL)Γ2γ5s+ (R↔ L) (3)
= (uTC[ΓS, γ5]γ5d)Γ2γ5s
where the superscript S denotes that the current is sym-
metric under the exchange of the spinor indexes of the
first two quarks. Similarly to the case of the above cur-
rent for the spin 1/2 case, ΓS must satisfy the following
conditions
[γ5,ΓS] 6= 0, (CΓS)T = CΓS .
in order to have a nonzero current. Therefore, the only
choice is ΓS = γµ.
Before constructing the full current, we study the cur-
rents in color subspace. Using the adjoint representation
of color SU(3), the color-octet structure of the current
can be constructed as
J
S/A
color = acωt
m
ωb uadbsc ,
where m is a color index. Other choices for color tensors
lead to zero currents or to the same full currents due to
the symmetries in the spin and flavor subspaces.
To generalize the uds case, considered above, to other
flavors of three-quark clusters, we distinguish the quarks
in the three-quark cluster by (q1, q2, q3). Combining the
currents constructed in the flavor, spin and color sub-
spaces, we get the interpolating currents for the consid-
ered structure of pentaquark states in the form of
JAl (Γ2 ,Γ3) = T
A
l,m(Γ2)q
T
1 q2q3(q¯5t
mΓ3q4) , (4)
JSµ,l(Γ2 ,Γ3) = T
S
µ,l,m(Γ2)q
T
1 q2q3(q¯5t
mΓ3q4) .
Here, the quark fields in the three-quark cluster carry
flavor fi, color ci and spin li indices as qi = qficili to be
contracted with the tensor which becomes
TAl,m(Γ2) = (Cl1l2(Γ2)ll3 − (Cγ5)l1l2(γ5Γ2)ll3)
×f1f2f3c1c3ctmcc2 ,
T Sµ,l,m(Γ2) = (Cγµ)l1l2(Γ2)ll3f1f2f3c1c3ct
m
cc2 .
These definitions reflect our choice for ΓA = γ5 and ΓS =
γµ. We denote the flavor configuration by q
1q2q3-q¯5q4,
where qi is the flavor of the i-th quark qi. In this work,
as mentioned in the introduction, we consider four cases
for a given flavor configuration: uds-c¯c , udc-c¯s , usc-
c¯d and udc-c¯u. Quarks fields are contracted with the
antisymmetric tensor of flavor indices that corresponds
to the flavor singlet configuration. Note that the free
index l denotes the spinor component of the current and
will be omitted in the following discussion.
We mention here again that the spinor structure of the
three-quark cluster in the full current Eq. (4) is chosen
to have the particular structure of qRqRqL − qLqLqR for
the antisymmetric case, Eq. (2), and qRqLq + qLqRq for
the symmetric case Eq. (3).
The matrix Γ2, which can be considered as a factor of
the current due to the following properties
J
S/A
l (Γ2 ,Γ3) = (Γ2)lkJ
S/A
k (1,Γ3) ,
will be chosen according to the P-parity and the spin of
the interpolating current under consideration. As for Γ3,
following the analysis of [5], where the two-quark cluster
with spin 1 in the uds-c¯c system yielded the most stable
result, we will take Γ3 = γν for most pentaquark states
considered in this work. An alternative option for Γ3 = 1
will also be considered.
To discuss the symmetry properties of the constructed
three-quark currents in the color-spin subspace, we con-
sider the six-dimensional fundamental representation of
the SU(6) group [33, 34] composed of the tensor product
of the color SU(3)color and the spin SU(2)spin subgroups.
Representing a quark by its dimension (3, 2) where the
first (second) corresponds to the dimension of SU(3)color
(SU(2)spin) subgroup, we have
(3, 2)⊗(3, 2)⊗(3, 2) = (8, 2)⊕(8, 4)⊕ · · · ,
3where only two irreducible representations are shown.
The first term on the right-hand side has spin 1/2 and be-
longs to the fully symmetric 56-plet representation, while
the second term has spin 3/2 and belongs to the mixed
symmetric 76-plet of the full SU(6) group. The color-spin
part of the constructed current JA, Eq. (4), represents
(8,2) states studied in [5]. The current JS corresponds
to (8,2) and (8,4), depending on the choice of Γ2.
In this section, we have constructed the general form
for the pentaquark currents J8 ∼ qqq-q¯q with two color-
octet compounds. The suggested currents are unique
and can’t be presented by the sum of any other cur-
rents considered previously. Nevertheless, omitting the
flavor structure, we have related this type of current with
the currents of other configurations: diquark-diquark-
antiquark clustering J3¯ ∼ qq-qq-q¯ with an anti-triplet
color substructure suggested in [11–13], and a molecule
form J1 ∼ qqq-q¯q with color-singlet parts, see [20].
We conclude that the currents with color-octet parts
J8, color-singlet parts J1, and color-anti-triplet parts J3¯
could be linearly dependent. For more details see Ap-
pendix C.
III. OPE FOR 1/2, 3/2, 5/2-STATES
The correlator Πs(µ)(ν)(q
2) for the QCD sum-rule anal-
ysis of a pentaquark state is defined by
Πs(µ)(ν)(q
2) = i
∫
d4xeiq·x〈0|TJ(µ)(x)J¯(ν)(0)|0〉 (5)
with the interpolating current J(µ) for the considered
pentaquark state of spin s. The subscript (µ) stands
for the possible Lorentz indices of currents for the s =
3/2, 5/2 states. Since the current J(µ) can couple to
the states with a spin lower than s, the phenomenologi-
cal part of the SRs contains contributions from the lower
spin states as well. Extracting the contribution from the
state with spin s only, the correlator can be written as
Πs(µ)(ν)(q
2) = (qˆΠs1(q
2) + Πs2(q
2))Ss(µ)(ν) + · · · , (6)
where qˆ = γ ·q and · · · means the terms corresponding to
the omitted contributions from states with spin s and also
lower spins. Therefore, to construct SRs for the state of
spin s, one needs to extract Πs1,2 from the correlator. The
ways of extracting Πs1,2 for s = 3/2, 5/2 are summarized
in Appendices A and B. Then, QCD SRs for the state of
the spin s will be constructed by applying the dispersion
relation [35] to the two scalar functions Πs1,2 in Eq. (6)
Πsi (q
2) =
∫ ∞
sth
dt
ρsi (t)
t− q2 . (7)
Here the spectral densities ρsi (t) are defined in the phys-
ical t region by
ρsi (t) =
1
pi
ImΠsi (t) (8)
with i = 1, 2.
In the next subsections A, B, C, we present the rela-
tivistic interpolating currents for each state of spin 1/2,
3/2, and 5/2 states with proper choices of Γ1, Γ2, and
Γ3. Then, in subsection D, we show how to calculate the
spectral densities ρsi (t) within the OPE for the QCD sum
rules for each state.
A. JP = 1/2±-states
We consider four types of the current for the spin 1/2
case:
J1 = JA(γ5γµ , γµ) , J
2 = JSµ(γ5 , γµ) , (9)
J3 = JA(γ5 , 1) , J
4 = JSµ(γ5γµ , 1) ,
where the upper index denotes the type of the current.
The main results for the spin 1/2 case are obtained using
the current J1, while currents J2, J3, J4 are also studied
as an alternative option. The interpolating current J1
with the quantum numbers 1/2+ can be related to the
spin-3/2 current as follows
J1 = JA(γ5γµ , γµ) = −γµJ1µ .
The choice of Γ2 = γ5γµ insures that the spin-3/2 current
Jµ is projected by Γ2 only on the 1/2-spin component so
that 〈0|γµJµ|3/2±〉 ∼ γµuµ = 0 thanks to the subsidiary
condition for the 3/2 spinor uµ (see Eqs. (11) and (12)).
Since the relativistic interpolating current is considered,
as discussed in [36, 37], the current can couple to the
state of negative parity as well. Denoting two such states
by |1/2+〉 and |1/2−〉, the current couples to the states
through the following relations
〈0|J |1/2+〉 = f 1
2+
u , 〈0|J |1/2−〉 = f 1
2−γ5u ,∑
s
u(q, s)u¯(q, s) = qˆ +m (10)
with the spinor u. The structure of the correlator be-
comes
Π1/2(q2) = qˆΠ
1/2
1 (q
2) + Π
1/2
2 (q
2)
and then S
1/2
(µ)(ν) = 1 because there is no Lorentz index in
the current. The two spectral densities can be obtained
as
ρ
1/2
1 (s) =
1
4pis
Tr
(
qˆImΠ1/2(s)
)
,
ρ
1/2
2 (s) =
1
4pi
Tr
(
ImΠ1/2(s)
)
.
B. 3/2±-states
For spin 3/2 states , we study two types of the current
J1µ = J
A(γ5 , γµ) , J
2
µ = J
S
µ(γ5 , 1) . (11)
4The main results will be obtained by using the current J1µ
that has the quantum numbers 3/2−. As in the spin-1/2
case, the interpolating current couples to the states of
both parities through the relations with the correspond-
ing spinors uµ [10, 19]
〈0|Jµ|3/2+〉 = f 3
2+
γ5uµ , 〈0|Jµ|3/2−〉 = f 3
2−uµ ,∑
s
uµ(q, s)u¯ν(q, s) = (qˆ +m)Tµν , (12)
where the tensor Tµν is
Tµν = −gµν + 1
3
γµγν +
2qµqν
3q2
− qµγν − qνγµ
3
√
q2
.
Note that γ5 in the first relation in Eq. (12) appears
because the current has an intrinsic negative parity. The
correlator has the structure
Π3/2µν (q
2) =
(
qˆΠ
3/2
1 (q
2) + Π
3/2
2 (q
2)
)
(−gµν) + · · · .
Since it is known that the pure contributions from the
S = 3/2 state to the correlator can be defined by the
terms proportional to S
3/2
(µ)(ν) = −gµν [10, 19, 38], we
show only the relevant terms here. The other terms that
contribute to the correlator are given in Appendix A to-
gether with the derivation of the exact form for the pro-
jectors P
3/2,i
µν . As in Appendix A, the two spectral den-
sities can be obtained as
ρ
3/2
1 (s) =
1
pi
Tr
[
ImΠ3/2µν (s)P
3/2,1
µν
]
, (13)
ρ
3/2
2 (s) = −
1
pi
Tr
[
ImΠ3/2µν (s)P
3/2,2
µν
]
.
More explicit forms are presented in Eq. (A2). Here, we
point out that an extra factor -1 is introduced in ρ
3/2
2
for the construction of the SRs in one single form for all
spin cases. This factor is related to the intrinsic negative
parity of the current, see Eq. (12).
C. 5/2±-states
The only type of current studied here is
J1µν = J
S
µ(γ5 , γν) + (µ↔ ν) , (14)
with the choice Γ2 = γ5 corresponding to the quantum
numbers 5/2+. This current couples to the states of both
parities through the relations [10, 19]:
〈0|Jµν |5/2+〉 = f 5
2+
uµν , 〈0|Jµν |5/2−〉 = f 5
2−γ5uµν ,∑
s
uµν(q, s)u¯αβ(q, s) = (qˆ +m)Tµν,αβ , (15)
Tµν,αβ ≡ g˜µαg˜νβ + g˜µβ g˜να
2
− g˜µν g˜αβ
5
− 2
5
t{µν},{αβ} ,
tµν,αβ =
(
γµγα − qµγα − qαγµ√
q2
− qµqα
q2
)
g˜νβ ,
where symmetrization of the two indices in the curly
brackets in the tensor t is imposed by t{µν} = tµν + tνµ.
The corresponding correlator has a rather complicated
structure as one can see from [10]. We calculate those
terms known to contribute to the correlator only from
the spin-5/2 state [10, 19] as
Π
5/2
µν,αβ(q
2) =
(
qˆΠ
5/2
1 + Π
5/2
2
)
(gµαgνβ + gµβgνα)
2
+ · · · .
Therefore, S
5/2
(µ)(ν) = (gµαgνβ + gµβgνα)/2 and we calcu-
late the two spectral densities (i = 1, 2) through
ρ
5/2
i (s) =
1
pi
Tr(ImΠ
5/2
µν,αβ(q
2)P
5/2,i
µν,αβ) , (16)
where the projectors P
5/2,i
µν,αβ are constructed in Ap-
pendix B, see Eq. (B2).
D. OPE of correlators
In the previous subsections, we constructed various
currents for spin 1/2, 3/2, and 5/2 pentaquark states.
We specify the current by its three properties: (i) the
spin of the pentaquark (1/2, 3/2, 5/2), (ii) the flavor
clustering (uds-c¯c, udc-c¯s, usc-c¯d, udc-c¯u) of the current,
(iii) the type of the current. For spin-1/2, we have in-
troduced four options (type-1,2,3,4), for spin 3/2 – two
(type-1,2), for spin 5/2 – only one current type-1. The
following considerations of this subsection and the next
section are based on the general definition of the correla-
tor, Eq. (5), and are relevant to any current considered
in the previous subsections.
In order to calculate the two functions Πs1 and Π
s
2 in
Eq. (6) within the OPE for each current, we use the quark
propagators for both the light quarks (u, d, s quarks) and
the heavy quark (c quark) in the configuration space with
dimension d = 4 − 2 to control ultraviolet divergences.
The heavy quark propagator in the configuration space
is given by the α-representation. Our technique for the
OPE calculation is similar in some aspects to that dis-
cussed in [45]. We treat u, d quarks as massless quarks
and include the linear effect of the strange quark mass
ms in the OPE. With the hypothesis of the vacuum dom-
inance (HVD) factorization, we perform the OPE up to
the dimension-10 vacuum condensates so that
ρsi (t) =
1
pi
ImΠsi (t) =
10∑
D=0
ρsi,D(t) , (17)
where ρsi,D is the contribution to the OPE from the
dimension-D condensate for each case. The various vac-
uum condensates included in the OPE are listed in Tab. I
with reference to the corresponding diagrams shown in
Fig.1. It is found that the gluon-condensate contribution
is tiny in comparison with the quark-condensate contri-
bution. Therefore, we do not include the contributions
5a b c
d e f
g h
FIG. 1: Generic diagrams of the OPE terms for the corre-
lators with the currents of the pentaquark states. Diagram
(a) is the perturbative contribution at the leading order (LO).
The figures (b)-(h) are diagrams for the nonperturbative con-
tributions. We use here nonlocal condensate notation [39–44]
for the graphical representation of the various contributions
originating from the standard (local) condensates. Some of
the nonperturbative diagrams contribute to few terms of the
operator OPE, as it is specified in Tab. I.
from the three-gluon condensate and the dimension-7
condensate 〈GG〉〈q¯Gq〉 to the OPE. For the same reason,
other contributions from the condensates to the OPE,
which are given by the product of the gluon condensate
and the quark condensate after the HVD factorization,
are also not included. The calculated OPE contributions
to the spectral density, Eq. (17), are given in the form of
an integral with the integrand ρsiD(t, α, β)
ρsiD(t) =
∫ α+
α−
dα
∫ β+
β−
dβ ρsiD(t, α, β) , (18)
where the integration boundaries are α± = (1 ±√
1− 4m2c/t)/2, β+ = 1− α and β− = m2cα/(tα−m2c).
A two-dimensional integration corresponds to a two
heavy-quark propagator given in the form of the α-
representation. Although we consider three cases of
flavor configurations (uds-c¯c, udc-c¯s, usc-c¯d), the inte-
grands ρsi,k(s, α, β) are given in Appendix D, Eqs. (D1),
(D2), (D3) only for the uds-cc¯ configuration.
IV. SYSTEM OF QCD SRS AND NUMERICAL
ANALYSIS
We construct the QCD SRs for the state with spin s
using the scalar functions Πs1 and Π
s
2 in the correlators
Eq. (6). As discussed in the previous section, since the
relativistic interpolating current can couple to the two
states with opposite parities, the physical parameters,
masses and the decay constants for the two states are
coupled together in the QCD SRs. First, we present the
Term LO 〈q¯q〉 〈GG〉 〈q¯Gq〉 〈q¯q〉2 〈q¯q〉〈q¯Gq〉 〈q¯q〉3 〈q¯Gq〉2
D 0 3 4 5 6 8 9 10
Diag. a d b, c d, e f f, g h f
TABLE I: In the first row of the table, we list the vacuum con-
densates of the various operators that give a contribution to
the OPE for the studied correlators. The second row provides
the dimension of the operators. The dimension-7 condensate
〈GG〉〈q¯Gq〉 is not included in our study due to the smallness
of the gluon-condensate terms. The third row denotes the
correspondence of the operators to the diagrammatic repre-
sentations in Fig. 1. Note that here we denote contributions
from both light and s quarks condensates by 〈q¯q〉n .
system of the QCD SRs in the coupled forms and discuss
how to decouple the system of the QCD SRs for each
state of definite parity by using a proper combination of
Πs1 and Π
s
2. In this section, we omit for simplicity the
index s in all formulas as far as the involved expressions
are valid for any considered spin s.
In the framework of QCD SR [35], the Borel transfor-
mation Bˆ
BˆQ2→M2
[
Π(Q2)
]
= lim
n→∞
(−Q2)n
Γ(n)
[
dn
dQ2n
Π(Q2)
]
Q2=nM2
,
is applied to both sides of Eq. (7). This transformation
helps to reduce the SR uncertainties by suppressing the
contributions from the excited resonances in the contin-
uum and also higher-order OPE terms.
For the phenomenological part of the SR, we apply
the phenomenological spectral densities, which are called
by ρphi (t) and appear on the right-hand side in Eq. (7).
For all considered states, we assume that these spectral
densities can be decomposed into contributions from the
resonances of the considered states and the contribution
from the continuum starting from the threshold s0 ap-
pealing to the quark-hadron duality hypothesis
ρph1 (t) = f
2
+δ(t−m2+) + f2−δ(t−m2−)
+Θ(t− s0)ρOPE1 (t) ,
ρph2 (t) = f
2
+m+δ(t−m2+)− f2−m−δ(t−m2−)
+Θ(t− s0)ρOPE2 (t) ,
where the threshold s0 is chosen to be the same for both
parities and for both densities (ρph1 and ρ
ph
2 ). The OPE
spectral densities ρOPEi (t) = ρ
s
i (t) are defined by Eq. (17).
The decay constants f± and masses m± are given in
Eqs. (10), (12), (15). Then, the resonance contributions
to the phenomenological part of the SR are defined as
follows
R(res)1,k (M2) = f2+m2k+ e−m
2
+/M
2
+ f2−m
2k
− e
−m2−/M2 ,
R(res)2,k (M2) = f2+m2k+1+ e−m
2
+/M
2 − f2−m2k+1− e−m
2
−/M
2
,
where we apply the Borel transformation to Eq. (7), as
already discussed. Combining the full OPE results with
6the contribution from the continuum, we evaluate the
theoretical part of the QCD SRs
R(SR)i,k (M2, s0) =
∫ s0
sth
dt ρi(t) t
ke−t/M
2
,
where the k-times derivatives with respect to −1/M2 are
taken after the Borel transformation. Finally, for each
state of spin s=1/2, 3/2, 5/2, we obtain the following
system of QCD SRs in the coupled form:
R(res)1,k (M2) = R(SR)1,k (M2, s0) , (19)
R(res)2,k (M2) = R(SR)2,k (M2, s0) .
where k ∈ Z+
⋃{0}.
A. Decoupled QCD SRs
This subsection is devoted to decoupling the SRs in
Eqs. (19) into two QCD SR equations for each state of
definite parity. It seems that there are four different ways
to deal with this kind of coupled QCD SRs systems used
in the pentaquark QCD SR studies. First, assuming that
most of the contributions come from the lowest lying res-
onance of the considered parity, the contributions from
the resonance of the opposite parity can be ignored and
only the second equation in Eq. (19) has been considered.
This approach has been applied to many studies on the
states of S = 1/2 and to pentaquark states [13, 26, 46].
In a second way, used in [19], one resolves the systems
(19) by taking into account the states of both parities
without decoupling the system. The third way is to get
the decoupled QCD SRs by using the old-fashioned cor-
relator [37, 47]. Here, we use a method that is similar
to the fourth way [10], in which the system of SRs, see,
Eq. (19), is decoupled into two QCD SRs for each state
of definite parity.
To decouple the SRs given by Eqs. (19), we expand
the region of validity for k to k ∈ {n/2|n ∈ Z}. This
analytical continuation allows us to consider the following
linear combination of Eqs. (19)
R(SR)±,k =
1
2
(R(SR)1,k ±R(SR)2,k−1/2) ,
R(res)±,k =
1
2
(R(res)1,k ±R(res)2,k−1/2) .
As a result we can rewrite the SRs, given by Eq. (19), in
decoupled form to read
R(res)±,k (M2) = R(SR)±,k (M2, s0) , (20)
with
R(res)±,k (M2) = f2±e−m
2
±/M
2
m2k± ,
R(SR)±,k (M2, s0) =
∫ s±
sth
dtρOPE± (t)t
ke−t/M
2
.
where the reparameterized spectral densities ρOPE± are
related to ρOPE1,2 (calculated by the OPE in Eq. (8)) as
ρOPE± (t) =
1
2
(
ρOPE1 (t)±
ρOPE2 (t)√
t
)
.
The decoupled QCD SRs, Eq. (20), can be written in
explicit form
f2±e
−m2±/M2m2k± =
∫ s±
sth
dtρ±(t)tke−t/M
2
. (21)
B. Numerical Analysis
In this subsection, we extract the masses and the decay
constants from the constructed QCD SRs. The first step
is to define the Borel window M2 ∈ [M2−,M2+] by the
conditions
R(SR)2,9,0(M2−,∞)
R(SR)2,0 (M2−,∞)
<
1
10
, M2+ = M
2
− + ∆M
2 .
The low boundary M2− of the Borel window insures that
the dimension-9 condensate 〈q¯q〉3 contributes less than
10% to the total value of the correlator. Here we use the
following notation for the OPE contribution of dimension
D
R(SR)i,D,k(M2, s0) =
∫ s0
sth
dt ρiD(t) t
ke−t/M
2
.
The upper boundary M2+ is determined by the above
condition by setting ∆M2 = 1 GeV2. We don’t fol-
low the common practice to define the upper boundary
M2+ by the condition that the resonance contribution
gives at least 10% to the total value of the correlator,
ri(s0) > 1/10. for i = 1 , 2, where
ri(s0) =
R(SR)i,0 (M2+, s0)
R(SR)i,0 (M2+,∞)
.
The values of this ratio are given in Tables II, III, and
IV for the considered SRs. Note that most of the SRs
yield values of this ratio above 1/10. Having an equal
size of the Borel window ∆M2 for all SRs allows us to
compare the SR stability criteria for different SRs with-
out violating the condition ri(s0) > 1/10. To control this
condition we introduce the collective value
r(s0) = min(r1(s0), r2(s0)) ,
that can be found in the last column of Tables II, III,
and IV.
The values of the masses and the decay constants can
be extracted from the decoupled QCD SRs, Eq. (21),
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FIG. 2: Borel parameter dependence of the mass ms(s0,M
2) for a uds-c¯c flavor clustering, given by Eq. (23), referring to spin
s = 1/2 (left panel), spin s = 3/2 (central panel), spin s = 5/2 (right panel) for negative parity (blue solid line and blue band
limited by dashed blue lines) and positive parity (red dotted line and red band limited by dot-dashed red lines). The central
lines of the bands denote the dependence for the best fit threshold s0 = s˜0. The bands show the dependence of the masses
on the threshold s0 varied in the threshold interval s0 ∈ [smin0 , smax0 ]. Vertical dotted black lines present the Borel windows
(M2−,M
2
+).
spin flavor m−(s˜0),GeV m+(s˜0),GeV 103f−(s˜0),GeV6 103f+(s˜0),GeV6 (smin0 , s
max
0 ) s˜0 (M
2
−,M
2
+) δ(s˜0) ,% r(s˜0)
1/2 uds-c¯c 4.4+0.7−0.3 ± 0.0 5.1+1.0−0.0 ± 0.1 1.8+4.0−0.7 ± 0.0 1.3+3.9−0.2 ± 0.0 (22.0, 34.7) 25.1 (4.5, 5.5) 3.8 0.05
1/2 udc-c¯s 4.5+0.3−0.2 ± 0.1 5.3+0.3−0.0 ± 0.2 2.0+1.4−0.5 ± 0.1 2.0+1.4−0.1 ± 0.0 (24.0, 30.6) 26.1 (3.7, 4.7) 5.0 0.13
1/2 usc-c¯d 4.6+0.3−0.2 ± 0.1 5.3+0.3−0.0 ± 0.2 2.1+1.6−0.6 ± 0.1 2.1+1.6−0.2 ± 0.1 (24.3, 31.2) 26.5 (3.7, 4.7) 5.1 0.14
3/2 uds-c¯c 4.9+0.5−0.2 ± 0.1 5.7+0.6−0.0 ± 0.2 1.9+2.5−0.6 ± 0.0 1.9+2.6−0.2 ± 0.0 (27.3, 38.6) 30.2 (4.5, 5.5) 4.7 0.13
3/2 udc-c¯s 4.8+0.2−0.1 ± 0.1 5.8+0.2−0.0 ± 0.3 1.9+0.8−0.4 ± 0.1 2.6+0.8−0.0 ± 0.1 (28.7, 34.9) 30.8 (3.4, 4.4) 7.4 0.32
3/2 usc-c¯d 4.9+0.2−0.1 ± 0.1 5.8+0.2−0.0 ± 0.3 2.1+0.8−0.4 ± 0.1 3.0+0.9−0.0 ± 0.1 (29.5, 36.1) 31.8 (3.4, 4.4) 8.2 0.36
5/2 uds-c¯c 6.2+0.1−0.3 ± 0.1 6.0+0.1−0.3 ± 0.0 12.1+3.8−6.4 ± 0.1 15.6+3.3−6.1 ± 0.1 (39.2, 50.0) 46.3 (4.5, 5.5) 1.2 0.51
5/2 udc-c¯s 6.0+0.1−0.4 ± 0.1 5.9+0.1−0.3 ± 0.0 7.2+2.5−4.1 ± 0.1 12.2+2.6−4.9 ± 0.1 (37.6, 50.0) 45.5 (3.7, 4.7) 1.7 0.64
5/2 usc-c¯d 6.3+0.0−0.3 ± 0.1 6.0+0.0−0.3 ± 0.1 9.9+0.0−5.3 ± 0.1 15.1+0.0−5.9 ± 0.2 (40.6, 50.0) 50.0 (3.8, 4.8) 2.1 0.75
TABLE II: QCD SR results for masses m± and decay constants f± given for a pentaquark with both parities with spin 1/2,
3/2, 5/2 (first column) for three cases of flavor-clustering (second column). For all cases considered in this table, we apply the
type-1 currents defined in Eqs. (9), (11), (14). Central values of masses (2nd and 3rd columns) and decay constants (4th and
5th columns) given at the best-fit threshold (s˜0) (see column 8th). The first error bars from the third to the sixth column
represent the variation with respect to the threshold value in the interval (smin0 , s
max
0 ) given in the 7th column. The second
error bars in the columns from the third to the sixth represent the variation in the Borel window (M2−,M
2
+) (see 9th column).
The criteria values δ(s˜0) are given for each state in percentages in the 10th column. Additionally, the last column represents
the criteria of the resonance contribution r1(s˜0).
through averaging in the Borel window M2 ∈ [M2−,M2+]
m±(s0) =
1
n+ 1
n∑
j=0
m±(s0,M2j ) , (22)
f2±(s0) =
1
n+ 1
n∑
j=0
em
2
±/M
2
jR(SR)±,0 (M2j , s0) ,
where n = 8, M2j = M
2
− + (M
2
+ −M2−)j/n and
m2∆k± (s0,M
2) =
R(SR)±,k+∆k(M2, s0)
R(SR)±,k (M2, s0)
. (23)
We present our result for the case (k,∆k) = (1/2, 1/2).
We have also checked two extra choices: (0, 1/2) and
(1/2, 1) for (k,∆k) to confirm the small dependence of
our results on k and ∆k. Similar decoupled QCD SRs
have been considered in [10] with (k,∆k) = (1/2, 1).
Borel parameter dependencies of the masses m±(s0,M2)
for the uds− c¯c case are shown in Fig. 2 for the best-fit
threshold value s0 = s˜0. Additionally, the bands around
the central value show the dependence of the masses on
the threshold s0 varied in the interval s0 ∈ [smin0 , smax0 ].
To find the best values of the five parameters f±, m±,
s0, we demand the minimization of the Borel parameter
dependence of the original coupled SRs, Eqs. (19) i.e.,
δki (s0) = max
M2∈[M2−,M2+]
R(res)i,k (M2)−R(SR)i,k (M2, s0)
R(res)i,k (M2)
· 100%
with masses and decay constants in R(res) fixed by
Eqs. (22). The minimization of the Borel parameter de-
pendence of the original coupled SRs instead of the de-
coupled SRs helps avoiding possible uncertainties related
to the analytical continuation of the SRs. Finally, we
8spin type m−(s˜0),GeV m+(s˜0),GeV 103f−(s˜0),GeV6 103f+(s˜0),GeV6 (smin0 , s
max
0 ) s˜0 (M
2
−,M
2
+) δ(s˜0) ,% r(s˜0)
1/2 1(1) 4.4+0.7−0.3 ± 0.0 5.1+1.0−0.0 ± 0.1 1.8+4.0−0.7 ± 0.0 1.3+3.9−0.2 ± 0.0 (22.0, 34.7) 25.1 (4.5, 5.5) 3.8 0.05
1/2 2(1) 4.4+0.9−0.3 ± 0.0 5.1+1.0−0.0 ± 0.1 1.8+5.6−0.7 ± 0.0 1.3+5.4−0.2 ± 0.0 (22.0, 36.6) 25.1 (4.6, 5.6) 4.2 0.04
1/2 3(0) 5.9+0.9−0.0 ± 0.2 5.1+0.6−0.2 ± 0.0 1.4+2.8−0.1 ± 0.0 1.6+2.7−0.5 ± 0.0 (29.6, 43.1) 32.7 (4.9, 5.9) 4.0 0.1
1/2 4(0) 5.9+0.9−0.0 ± 0.2 5.1+0.6−0.2 ± 0.0 4.2+8.3−0.3 ± 0.1 4.7+8.1−1.5 ± 0.1 (29.6, 43.1) 32.7 (4.9, 5.9) 4.0 0.1
3/2 1(1) 4.9+0.5−0.2 ± 0.1 5.7+0.6−0.0 ± 0.2 1.9+2.5−0.6 ± 0.0 1.9+2.6−0.2 ± 0.0 (27.3, 38.6) 30.2 (4.5, 5.5) 4.7 0.13
3/2 2(0) 6.2+0.1−0.4 ± 0.0 6.6+0.2−0.1 ± 0.0 6.0+0.9−3.1 ± 0.0 4.9+1.0−2.7 ± 0.0 (38.8, 50.0) 47.8 (4.9, 5.9) 0.8 0.4
TABLE III: QCD SR results for the masses m± and the decay constants f± given for a pentaquark of both parities with spin
1/2, 3/2 (first column) and for a udc-c¯s flavor-clustering. The second column denotes the type of the current and the spin of
the c¯s-part given in the parentheses. The types of the currents are defined in Eqs. (9) and (11). See the caption of Table II for
more details.
spin type m−(s˜0),GeV m+(s˜0),GeV 103f−(s˜0),GeV6 103f+(s˜0),GeV6 (smin0 , s
max
0 ) s˜0 (M
2
−,M
2
+) δ(s˜0) ,% r(s˜0)
1/2 1 4.4+0.4−0.2 ± 0.0 5.1+0.4−0.0 ± 0.1 1.6+1.5−0.5 ± 0.0 1.4+1.5−0.2 ± 0.0 (22.6, 29.9) 24.7 (3.8, 4.8) 4.1 0.1
3/2 1 4.8+0.2−0.1 ± 0.1 5.7+0.3−0.0 ± 0.3 1.8+0.8−0.4 ± 0.1 2.2+0.8−0.0 ± 0.1 (28.2, 34.7) 30.4 (3.4, 4.4) 6.7 0.3
5/2 1 6.0+0.2−0.4 ± 0.1 5.9+0.1−0.3 ± 0.0 6.9+2.6−3.9 ± 0.1 11.6+2.7−4.7 ± 0.1 (37.6, 50.0) 45.3 (3.8, 4.8) 1.7 0.6
TABLE IV: QCD SR results for the masses m± and the decay constants f± given for a (udc)-(c¯u) pentaquark of both parities
with spin 1/2, 3/2, 5/2 (first column) with type 1 current for each case (second column). See the caption of Tab. II for more
details.
combine the four criteria in one to get
δ(s0) = max(δ
k
1 (s0), δ
k+∆k
1 (s0), δ
k− 12
2 (s0), δ
k+∆k− 12
2 (s0)) .
We use this combined criterion to define the best-fit
value for the threshold s˜0 and the threshold interval
s0 ∈ [smin0 , smax0 ], where subject to the condition
δ(s0) < δ(s˜0) + 1 .
The values of the threshold s˜0 and the interval bound-
aries smin0 and s
max
0 can be found in Tables II, III, IV for
all considered states. From these values we obtain the
masses m±(s˜0) and the decay constant f±(s˜0) at s˜0 given
in Table II together with their variations in the threshold
interval and the variations in the Borel window.
The central value m¯ of the mass and the uncertainty
∆sm related to the threshold are defined by
m¯± =
1
2
(
max
s0
m±(s0) +min
s0
m±(s0)
)
∆sm± =
1
2
(
max
s0
m±(s0)−min
s0
m±(s0)
)
,
where max (min) gives the maximum (minimum) value
of the function m±(s0) in the threshold interval s0 ∈
[smin0 , s
max
0 ]. The error bars related to the Borel pa-
rameter variation in the Borel window interval M2 ∈
[M2−,M
2
+] is calculated by
∆Mm± =
1
2
(
max
M2
m±(s˜0,M2)−max
M2
m±(s˜0,M2)
)
.
Final results for the mass are given in Fig. 3 and Tab. V
by the central value mass m¯ and the total uncertainty
∆m
m± = m¯± + ∆m± , (24)
where the total uncertainty is the sum of the above un-
certainties
∆m± = ∆sm± + ∆Mm± (25)
that includes only uncertainties stemming from the SR
analysis and do not include the uncertainties of the con-
densates.
The following numerical values of the vacuum conden-
sates and masses have been used for the numerical anal-
ysis
〈(αS/pi)G2〉 = 0.012 GeV3 , 〈q¯q〉 = (−0.25)3 GeV3 ,
〈q¯Gq〉 = 〈q¯Gµνσµνq〉 = m20〈q¯q〉, m20 = 0.8 GeV2 ,
mq = 0 , ms = 0.1 GeV , mc = 1.23 GeV ,
〈s¯s〉 = fs〈q¯q〉 , 〈s¯Gs〉 = fs〈q¯Gq〉 , fs = 0.8 .
The lowest threshold value is taken to be sth = 6.5 GeV
2,
see Eq. (7).
The QCD SR technique described above has been ap-
plied using various pentaquark currents. First, we stud-
ied the type-1 current for the three flavor configuration
(uds-c¯c, udc-c¯s, usc-c¯d), see the results in Table II. Sec-
ond, in Table III, we obtained results for some alternative
currents to estimate their relevance. Finally, we used our
method to study the udc-c¯u flavor configuration, in order
9to see whether P+c (4312), P
+
c (4440), and P
+
c (4457), ob-
served by the LHCb Collaboration, can be understood as
a pentaquark of two clusters in a color-octet state. The
detailed results given in Table IV will be discussed in the
next section.
V. DISCUSSION AND SUMMARY
In this section, we discuss the results obtained in the
previous sections on the basis of the constructed QCD
SRs for pentaquark states. We have constructed the cur-
rents for udscc¯ pentaquarks of spin-1/2, 3/2, 5/2 that
have two clusters of a color-octet. The first cluster con-
sists of three quarks q1q2q3 which has the same flavor
structure as the flavor singlet state of uds, while the sec-
ond cluster consists of quark-antiquark c¯q4. There are
four options for flavor clustering q1q2q3-c¯q4 (uds-c¯c, udc-
c¯s, usc-c¯d, dsc-c¯u). The results for dsc-c¯u and usc-c¯d are
identical in our approach and, therefore, we present here
only results for the dsc-c¯u configuration. The main pre-
dictions for pentaquarks are presented for the type-1 cur-
rent, that has a spin-1 c¯q4 part. In section III, in addition
to these main currents, we have also introduced the al-
ternative currents for spin-1/2 states and spin-3/2 states,
see Eq. (9) and Eq. (11). Particularly, we are interested
in the alternative currents with a spin-0 quark-antiquark
cluster: type-3 and type-4 for a spin-1/2 current and
type-2 for a spin-3/2 current. In Table III, we presented
the results for these alternative currents of a udc-c¯s con-
figuration with a spin-0 c¯s-cluster in comparison with
the main currents that have a spin-1 c¯s-cluster. One
can see that these types of currents lead to larger masses
compared to those for the spin-1 cases for both spin-1/2
and spin-3/2 pentaquarks. We have also checked that a
similar conclusion is valid for other flavor configurations.
This observation agrees with [5], where it has been shown
that the two-quark cluster with spin 1 in uds-c¯c system
yield the most stable result. In Table III, we have also
considered the alternative current for a spin 1/2 state
containing a spin-1 c¯s-cluster (type-2 for spin-1/2 cur-
rent) and found that this current gives the same result.
Therefore, the main results in our paper are given for the
hidden pentaquark states with a spin-1 quark-antiquark
cluster.
Using type-1 currents, we have considered three types
of flavor clustering (uds-c¯c, udc-c¯s, usc-c¯d) and found
that they have similar masses and decay constants, see
Table II. Therefore, we expect that these configurations
have equal chances to be observed. The consideration of
a possible mixing between these configurations is outside
the scope of this work. Another observation is that the
larger spin states give larger masses.
Our results are presented in comparison with other
theoretical predictions [3, 5, 23] in Fig. 3. The masses
from the effective Lagrangian framework [23] for the uds-
c¯c flavor configuration with a color-singlet substructure,
depicted by ♦, are lower for the spin 3/2 case and compa-
uds-cc
udc-cs
usc-cd
Wu et. al. 2017
Irie et. al. 2017
Shen et. al. 2019
m, GeV
1/2- 1/2+ 3/2- 3/2+ 5/2- 5/2+
4.0
4.5
5.0
5.5
6.0
6.5
7.0
4.0
4.5
5.0
5.5
6.0
6.5
7.0
FIG. 3: QCD SRs results for masses of pentaquarks with
spins 1/2, 3/2, 5/2 for the even parity (red color errorbars)
and for the odd parity (blue color errorbars) are given for
three types of flavor clustering: uds-c¯c (diamonds), udc-c¯s
(squares), usc-c¯d (triangles). Central value and width of er-
rorbars are given in Eq. (24) and Eq. (25). The result of our
calculations are depicted by  for uds-c¯c, by  for udc-c¯s,
by N for usc-c¯d. The results of other theoretical predictions
for udscc¯ pentaquark are denoted by  for the color-magnetic
interaction based study [3], ♦ for the framework of the cou-
pled channel unitary approach with the local hidden gauge
formalism [21–23], 4 for the quark model result [5].
rable consistently well with our predictions for the spin
1/2 case referring to a pentaquark state with a color-octet
substructure. The quark model prediction for uds-c¯c [5],
noted by 4 in Fig. 3, is in very good agreement with our
result for a spin-1/2 pentaquark, while the spin-3/2 case
is different but still compatible.
In order to see whether any of the pentaquarks ob-
served by the LHCb Collaboration could be understood
as a pentaquark composed of two clusters in the color-
octet state, we study the pentaquark formed by the two
clusters udc-c¯u, where the three-quark cluster is assumed
to have the same flavor structure as the flavor-singlet
m, GeV
Pc(4312)
Pc(4440)
Pc(4457)
1/2- 3/2-
4.2
4.4
4.6
4.8
5.0
4.2
4.4
4.6
4.8
5.0
FIG. 4: The masses of a recently observed by LHCb [2]
states are shown by the dashed lines in comparison to our
QCD SR estimations (blue errorbars) for the lightest states
with a color-octet substructure. For more details see Tab. IV.
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flavor 1/2− 1/2+ 3/2− 3/2+ 5/2− 5/2+
uds-c¯c 4.6(5) 5.6(6) 5.1(4) 6.0(5) 6.1(3) 5.9(2)
udc-c¯s 4.5(3) 5.4(4) 4.8(2) 5.9(4) 5.8(3) 5.8(2)
usc-c¯d 4.6(3) 5.4(4) 5.0(2) 5.9(4) 6.2(2) 5.8(2)
TABLE V: Final QCD SR results for udscc¯ pentaquark
masses for both parities with spin 1/2, 3/2, 5/2. Values are
given according Eq. (24). For more details see Table II.
structure of uds. QCD SR results for the masses m± and
decay constants f± for such a pentaquark are presented
in Table IV for spin 1/2, 3/2, 5/2 and both parities. To
make a point, we present the lightest state masses from
this table in Fig. 4 together with the states recently ob-
served by the LHCb Collaboration. As shown in this fig-
ure, the obtained mass for a spin-1/2 udc-c¯u pentaquark,
is in agreement with the experimental value. Therefore,
we conclude that if the observed state has spin 1/2 and
negative parity, then it could be described as a state with
two color-octet clusters.
To summarize, we have estimated the masses of the
various hidden-charm pentaquarks with color-octet sub-
structure and with JPC =1/2±, 3/2±, 5/2± in the frame-
work of QCD SRs. We have constructed the currents for
a particular configuration of pentaquark states, which
consists of a three-quark cluster with the same flavor
structure as the flavor singlet combination uds, and, ad-
ditionally, of a quark-antiquark cluster, where both clus-
ters are in a color-octet state. In our work, three possible
types of flavor-clustering of the currents has been consid-
ered.
To obtain QCD sum rules, the operator product ex-
pansion for the correlators with the constructed inter-
polating currents has been performed up to the level of
dimension-10 condensates. From the constructed QCD
SRs the masses and decay constants of the pentaquark
states have been extracted. Numerical values are given in
detail in Table II, and are briefly summarized in Table V.
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Appendix A: Projectors for 3/2-spin correlator
We follow the common practice to extract the gµν-
term of the 3/2 correlator and consider only the largest
spin contribution. Here, we formalize this extraction by
introducing the appropriate projectors. The general form
of the tensor can be written in the following way
Pµν(q
2) =
5∑
i=1
(c1iqˆ + c2i)t
i
µν =
10∑
j=1
Cj t˜
j
µν , (A1)
where we consider only P-even terms. The relation be-
tween two forms is given by t˜2i = ti, t˜2i−1 = qˆti,
C2i = c2i, C2i−1 = c1i with i = 1, · · · 5. The linearly
independent set tjµν of all possible structures is defined
as follows
tjµν =
(
−gµν , γµγν , qµqν
q2
, qµγν − qνγµ, qµγν + qνγµ
)
j
.
A linear combination of tensors t˜µν can be used to con-
struct the projectors as
P 3/2,kµν = M
−1
kl t˜
l
µν ,
where the matrix Mkl reads
Mkl = Tr
(
t˜lµν t˜
k
µν
)
.
Then we can extract the coefficients Cj from the expan-
sion expressed by Eq. A1
Ck = Tr
(
Pµν(q
2)P 3/2,kµν
)
.
The inverse of the matrix M is given by
24s2M−1 =
s 0 −s 0 2s 0 0 s 0 0
0 s2 0 −s2 0 2s2 s 0 0 0
−s 0 −s 0 0 0 0 s 0 0
0 −s2 0 −s2 0 0 s 0 0 0
2s 0 0 0 12s 0 0 0 0 −2s
0 2s2 0 0 0 4s2 0 0 2s 0
0 s 0 s 0 0 −2 0 0 0
s 0 s 0 0 0 0 0 0 0
0 0 0 0 0 2s 0 0 −1 0
0 0 0 0 −2s 0 0 0 0 s

,
where s = q2. Using the projectors P
3/2,1
µν and P
3/2,2
µν ,
the densities, Eq. (13), can recast in the form
ρ
3/2
1 (s) =
−1
24pis
Tr
[
ImΠ3/2µν (s)qˆ
(
gµν + γµγν − 2q
µqν
q2
)]
+
1
24pis
Tr
(
ImΠ3/2µν (s)(q
µγν − qνγµ)
)
,
ρ
3/2
2 (s) =
−1
24pi
Tr
[
ImΠ3/2µν (s)
(
gµν + γµγν − 2q
µqν
q2
)]
− 1
24pis
Tr
(
ImΠ3/2µν (s)qˆ(q
µγν − qνγµ)
)
. (A2)
11
Appendix B: Projectors for 5/2-spin correlator
To extract the terms of the largest spin state from the
correlator, the projector method is applied. Similarly
to Eq. (A1), the general form of the correlator can be
written as follows
Pµν,αβ(q
2) =
14∑
i=1
(c1iqˆ + c2i)t
i
µν,αβ =
28∑
j=1
Cj t˜
j ,(B1)
where the relation between the two forms is given by
t˜2i = tiµν,αβ , t˜
2i−1 = qˆtiµν,αβ , C2i = c2i, C2i−1 = c1i
with i = 1, · · · 14. We consider only P-even terms which
are symmetric with respect to µν and αβ. The linearly
independent set tiµν,αβ of all possible structures is defined
as
tiµν,αβ = Sˆµν Sˆαβ (
gµαgνβ
4
,
gµνgαβ
4
,
gµαγνγβ
4
, gµα
qνqβ
q2
,
gµν
qαqβ
4q2
, gαβ
qµqν
4q2
, gµν
γαqβ
2
, gαβ
γµqν
2
, gµαqνγβ ,
gµαqβγν ,
qµqν
2q2
γαqβ ,
qαqβ
2q2
γµqν ,
qµqα
q2
γνγβ ,
qµqνqαqβ
q4
)
i
,
where the operator Sˆµν symmetrizes the tensor as
Sˆµνtµν = tµν + tνµ. Linear combination of these tensors
can be used as the projectors
P
5/2,k
µν,αβ = M
−1
kl t˜
l (B2)
to extract the coefficients Cj of the expansion, Eq. (B1)
notably,
Cj = Tr
(
Pµν,αβP
5/2,j
µναβ
)
with the matrix
Mkl = Tr
(
t˜lµν,αβ t˜
k
µν,αβ
)
.
We provide only the first two rows of the inverse matrix,
which define the projectors P 5/2,1 and P 5/2,2 applied to
extract the spin-5/2 spectral densities, Eq. (16):
M−11l 120q
2 = (2, 0,−2, 0, 1, 0,−2, 0, 2, 0, 2, 0, 0, 0, 0, 0, 0,
−1, 0, 1, 0, 2, 0,−2,−1, 0, 4, 0)l ,
M−12l 120q
2 = (0, 2q2, 0,−2q2, 0, q2, 0,−2q2, 0, 2q2, 0, 2q2,
0, 0, 0, 0,−1, 0, 1, 0, 2, 0,−2, 0, 0,−q2, 0, 4q2)l .
Other rows of the inverse matrix are not used in our work
but could be obtained from the above equations.
Appendix C: Currents in color subspace
Here, we consider the relation of the pentaquarks with
different configurations: diquark-diquark-antiquark clus-
tering J3¯ ∼ qq-qq-q¯ with an anti-triplet color substruc-
ture suggested in [11–13], a molecule form J1 ∼ qqq-q¯q
with color-singlet parts, see [20], and the combination
J8 ∼ qqq-q¯q with color-octet compounds studied here.
First, we consider only the color part of these currents
Jc8 ≡ (a1a2a0tma0a3q1q2q3) · (q¯5tma5a4q4) ,
Jc1 ≡ 3(a1a2a4q1q2q4) · (q¯5δa5a3q3) ,
Jc3¯ ≡ 6(ia1a2q1q2) · (ja1a2q3q4) · q¯5ija5 .
Using a Fiertz identity, one can get the relation
Jc8 = J
c
1 + J
c
3¯ ,
where the quark fields carry flavor fi, color ci and spin
li indices as qi = qficili . Then, multiplying this relation
with the same spinor tensor
Tl1l2l3l4l5l = (Γ1)l1l2(Γ2)ll3(Γ3)l5l4 , (C1)
one can obtain a relation between the full currents
J8 = J1 + J3¯ ,
where Jt = J
c
t Tl1l2l3l4l5l. The tensor has been introduced
in such a way so that the definition for J8 agrees with
Sec. II:
J8 = a1a2a0t
m
a0a3(q1Γ1q2)(Γ2q3)l(q¯5t
mΓ3q4) .
After performing a Fiertz transformation in the currents,
we get:
J1 = 3
5∑
N=1
a1a2a4(q1Γ1q2)(Γ
N
2 q4)lq¯5Γ
N
3 q3 ,
J3¯ = 6
5∑
N=1
ia1a2(q1Γ1q2)ja1a2(q1Γ˜
N
3 q2)ija5(Γ˜
N
2 q4)l ,
where the modified matrices Γ˜Ni and Γ
N
i are defined in
terms of the Fiertz identity
δijδkl =
5∑
N=1
∆Nil ∆
N
kj ,
where ∆N = (1/2 , γ5/2 , γρ/2 , iγ5γρ/2 , iσρ,γ/
√
8)N .
Then, the definition for the modified matrices Γ˜Ni and
ΓNi take the form
ΓNi = Γi∆
N , Γ˜N2 = −Γ2∆NC , Γ˜N2 = (∆N )TCΓ3 .
Therefore, currents with color-octet parts J8, color-
singlet parts J1, and color-anti-triplet parts J3¯ are lin-
early dependent. Nevertheless, we would like to point
out that the currents suggested in our work cannot be a
linear combination of any other currents considered pre-
viously, for example in [11–13, 20].
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Appendix D: Spectral densities
Here we collect the analytical results for the spec-
tral densities ρsD,i(t, α, β), where s denotes spin, D -
the dimension of OPE term, i - the part of the cor-
relator (i = 1 , 2). Here, we present only the result
for the uds-c¯c flavor configuration. We use notations,
L = tαβ−m2c(α+β), γ = 1−α−β, and β0 = (β++β−)/2.
The latter notation has been introduced to combine var-
ious terms under a two dimensional integral, Eq. (18), so
that
∫ β+
β−
dβ δ(β − β0) = 1 .
ρ
1/2
1,0 (t, α, β) = (γ
3L4(5γm2c + 8L))/(15pi
8α4β4214) , ρ
1/2
2,0 (t, α, β) = −(γ2L4ms(10γm2c + 3L))/(5pi8α4β421332) , (D1)
ρ
1/2
1,3 (t, α, β) = (γL
2〈q¯q〉(3fs − 2)ms(3γm2c + 4L))/(pi6α2β22932) , ρ1/22,3 (t, α, β) = (γL3〈q¯q〉(fs + 2)(4γm2c + L))/(pi6α3β321032) ,
ρ
1/2
1,4 (t, α, β) = (〈(αs/pi)GG〉γL(γLm2c(−32α3γ + 3α2(12β2 + 7βγ + 4γ2) + 6αβ2γ + 4β2γ(3γ − 8β))− 8γ3(α3 + β3)m4c
+3αβL2(16αβ + 7αγ + 2βγ)))/(pi6α4β421532) ,
ρ
1/2
2,4 (t, α, β) = −(〈(αs/pi)GG〉Lms(6γLm2c(−8α3γ + α2(30β2 + 21βγ + 16γ2) + 6αβ2γ − 8β2γ(β − 2γ))− 64γ3(α3 + β3)m4c
+3αβL2(10αβ + 28αγ + 8βγ + γ2)))/(pi6α4β421633) ,
ρ
1/2
1,5 (t, α, β) = −(L〈q¯Gq〉ms(γm2c + L)(−8αβ + 7αγ + 2βγ + 16αβfs))/(3pi6α2β2212) ,
ρ
1/2
2,5 (t, α, β) = (5γL
3〈q¯Gq〉(α− β)(fs + 2))/(pi6α3β321332) , ρ1/21,6 (t, α, β) = (L〈q¯q〉2(2fs + 1)(γm2c + L))/(pi4αβ2532) ,
ρ
1/2
2,6 (t, α, β) = (L〈q¯q〉2m2c(fs − 6)ms)/(pi4αβ2432)− (〈q¯q〉2δ(β − β0)(fs − 6)ms(m2c + (α− 1)αt)2)/(pi4(α− 1)α2632) ,
ρ
1/2
1,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉(2fs + 1)(m2c(−4αβ + 7αγ + 2βγ) + L(7α+ 2β)))/(pi4αβ2932)
+(〈q¯Gq〉〈q¯q〉δ(β − β0)(2fs + 1)(m2c + (α− 1)αt))/(pi42632) ,
ρ
1/2
2,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉δ(β − β0)ms(m2c(5(2α− 1)fs − 4(5α+ 2)) + (α− 1)αt((2α(14α− 9)− 5)fs
−4(α(72α− 67) + 2))))/(pi4(α− 1)α21032)− (〈q¯Gq〉〈q¯q〉(7α+ 2β)m2cms)/(pi4αβ2732) ,
ρ
1/2
1,9 (t, α, β) = 0 , ρ
1/2
2,9 (t, α, β) = −((α− 1)α〈q¯q〉3tδ(β − β0)fs)/(3pi222) ,
ρ
1/2
1,10(t, α, β) = −((α− 1)α〈q¯Gq〉2δ(β − β0)(2fs + 1))/(3pi428) , ρ1/22,10(t, α, β) = ((α− 1)α〈q¯Gq〉2δ(β − β0)ms)/(pi427) ,
ρ
3/2
1,0 (t, α, β) = (γ
3L4(5(5− 2γ)γm2c + (13γ + 4)L))/(5pi8α4β421532) , (D2)
ρ
3/2
2,0 (t, α, β) = −(γ2L4ms(5(5− 2γ)γm2c + (11γ + 3)L))/(5pi8α4β421433) ,
ρ
3/2
1,3 (t, α, β) = (γL
2〈q¯q〉(3fs − 2)ms(3(5− 2γ)γm2c + (9γ + 2)L))/(pi6α2β221033) ,
ρ
3/2
2,3 (t, α, β) = (γL
3〈q¯q〉(fs + 2)(4(5− 2γ)γm2c + (9γ + 2)L))/(pi6α3β321233) ,
ρ
3/2
1,4 (t, α, β) = −(〈(αs/pi)GG〉γL(6γLm2c(8α3(γ(7γ + 4)− 18β2) + α2(−72(2β + 3)β2 + (β − 72)γ2 + 42βγ) + αβ2γ(γ + 12)
+8β2γ(7βγ + 4β − 9γ)) + 96(γ − 1)γ3(2γ − 5)m4c((γ − 1)2 − 3αβ) + αβL2(γ(72β + γ(9γ − 20))
−36α(36βγ + 8β − 7γ))))/(pi6α4β421834) ,
ρ
3/2
2,4 (t, α, β) = (〈(αs/pi)GG〉Lms(6γLm2c(α3(−90β2 + 42βγ + 8γ(5γ + 3)) + 3α2(−15(2β + 3)β2 + 12(β − 2)γ2 + (18β + 7)βγ)
+αβ2γ(12β + 11γ + 6) + 8β2γ(β(5γ + 3)− 9γ))− 24(γ − 1)γ3(8α3 + α2(7β + 12) + 2α(β − 6)β + 4β2(2β + 3))m4c
+αβL2(−90αβ(7γ + 1) + 42α(7γ + 2)γ + 12β(7γ + 2)γ + (7γ − 15)γ2)))/(pi6α4β421735) ,
ρ
3/2
1,5 (t, α, β) = (L〈q¯Gq〉ms(γm2c(8αβ(5− 2γ) + 7αγ + 2βγ + 16αβ(2γ − 5)fs) + L(4αβ(7γ + 1) + 7αγ + 2βγ
−8αβ(7γ + 1)fs)))/(pi6α2β221332) ,
ρ
3/2
2,5 (t, α, β) = −(5γL〈q¯Gq〉(α− β)(fs + 2)(γ(4γ + 3)Lm2c − 8(γ − 1)γ2m4c + (7γ + 2)L2))/(pi6α3β321534) ,
ρ
3/2
1,6 (t, α, β) = (L〈q¯q〉2(2fs + 1)(2(5− 2γ)γm2c + 7γL+ L))/(pi4αβ2733) ,
ρ
3/2
2,6 (t, α, β) = (L〈q¯q〉2(fs − 6)ms((10− 4γ)m2c + 5L))/(pi4αβ2733)− (〈q¯q〉2δ(β − β0)(fs − 6)ms(m2c + (α− 1)αt)2)/(pi4(α− 1)α2733) ,
ρ
3/2
1,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉δ(β − β0)(2fs + 1)(m2c + (α− 1)αt))/(pi42833)− (〈q¯Gq〉〈q¯q〉(2fs + 1)(m2c(αβ(20− 8γ) + 7αγ + 2βγ)
+L(α(20β + 7) + 2β)))/(pi4αβ21033) ,
ρ
3/2
2,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉ms(4(7α+ 2β)((5− 2γ)m2c + 3L)− 5(α− β)fs(m2c + 3L)))/(pi4αβ21134) + (〈q¯Gq〉〈q¯q〉δ(β − β0)ms(m2c(20α
+(5− 10α)fs + 8) + (α− 1)αt(4(437− 432α)α+ (2α(84α− 89) + 5)fs + 8)))/(pi4(α− 1)α21134) ,
ρ
3/2
1,9 (t, α, β) = 0 , ρ
3/2
2,9 (t, α, β) = −((α− 1)α〈q¯q〉3tδ(β − β0)fs)/(pi22232) ,
ρ
3/2
1,10(t, α, β) = −((α− 1)α〈q¯Gq〉2δ(β − β0)(2fs + 1))/(pi42932) , ρ3/22,10(t, α, β) = ((α− 1)α〈q¯Gq〉2δ(β − β0)ms)/(pi429) ,
13
ρ
5/2
1,0 (t, α, β) = (γ
3L3(γ((139− 104γ)γ + 45)Lm2c + 8(γ − 1)γ2(4γ − 9)m4c + 2(13γ(3γ + 1) + 6)L2))/(3pi8α4β421352) , (D3)
ρ
5/2
2,0 (t, α, β) = (γ
2L3ms(5γm
2
c(8(γ − 1)γ(4γ − 9)m2c + ((117− 88γ)γ + 36)L) + 2(11γ(13γ + 4) + 18)L2))/(pi8α4β42133252) ,
ρ
5/2
1,3 (t, α, β) = (γL〈q¯q〉ms(3γLm2c(−40γ + ((95− 72γ)γ + 27)fs + 100) + 12(γ − 1)γ2(4γ − 9)m4cfs
+2L2(90γ + 9(γ(11γ + 3) + 1)fs + 20)))/(5pi
6α2β22832) ,
ρ
5/2
2,3 (t, α, β) = (γL
2〈q¯q〉(fs + 2)(2γm2c((γ(72γ − 95)− 27)L− 6(γ − 1)γ(4γ − 9)m2c)− 9(γ(11γ + 3) + 1)L2))/(5pi6α3β32833) ,
ρ
5/2
1,4 (t, α, β) = (〈(αs/pi)GG〉γ(−3γL2m2c(8α3(180β2(3− 7γ) + 225βγ + 4γ(7γ(9γ + 5) + 30)) + α2(−1440β3(7γ − 3) + 100β2(69− 13γ)
+βγ(γ(72γ + 1495) + 900)− 240γ2(7γ + 5)) + αβ2γ(1800β + γ(72γ + 1495) + 900) + 16β2γ(2β(7γ(9γ + 5) + 30)
−15γ(7γ + 5))) + 12(γ − 1)γ2Lm4c(32α3γ(14γ + 5) + α2(140β2(4γ − 9) + βγ(4γ + 225)− 40(γ − 5)γ)
+αβγ(β(4γ + 225)− 200(γ + 1)) + 8β2γ(56βγ + 20β − 5γ + 25)) + 192(γ − 1)2γ4(4γ − 9)m6c((γ − 1)2 − 3αβ)
+2αβL3(30α(β(6γ(77γ − 54)− 58)− 45γ(3γ + 1)) + γ(γ(9(20− 11γ)γ + 70)− 1350β(3γ + 1)))))/(pi6α4β42163352) ,
ρ
5/2
2,4 (t, α, β) = (〈(αs/pi)GG〉ms(6γm2c(4(γ − 1)γm2c(4(γ − 1)γ2(4γ − 9)m2c((γ − 1)2 − 3αβ) + L(16α3γ(5γ + 2) + α2(21β2(4γ − 9)
+β(γ − 10)γ + 10(4− 3γ)γ) + αβγ((β − 30)γ + 40(β − 1)) + 2β2γ(8β(5γ + 2)− 15γ + 20))) + L2(4α3(42β2(7γ − 4)
+15βγ − 2γ(5γ(7γ + 4) + 18)) + α2(168β3(7γ − 4) + 15β2(23γ − 70) + 2βγ((33− 7γ)γ + 15) + 60γ2(5γ + 4))
−2αβ2γ(120β + γ(7γ + 92) + 60)− 4β2γ(β(10γ(7γ + 4) + 36)− 15γ(5γ + 4)))) + αβL3(588αβ(γ − 1)(9γ + 1)
+60α(7γ + 2)γ − 240β(7γ + 2)γ + 7((16− 9γ)γ + 6)γ2)))/(5pi6α4β421534) ,
ρ
5/2
1,5 (t, α, β) = −(〈q¯Gq〉ms(24αβfs(γ((73− 56γ)γ + 18)Lm2c + 2(γ − 1)γ2(4γ − 9)m4c + (7γ(9γ + 2) + 3)L2)
+5L(2γ(2γ − 5)m2c(α(γ − 44β)− 4βγ) + L(44αβ(7γ + 1)− αγ(7γ + 2) + 4βγ(7γ + 2)))))/(5pi6α2β221132) ,
ρ
5/2
2,5 (t, α, β) = (L〈q¯Gq〉(fs + 2)(γLm2c(3γ(4α2(280β + 11) + α(4β(280β + 97) + 55) + β(4β + 5))− 56γ3(11α+ β) + 81γ2(11α+ β)
+1080αβ) + 4(γ − 1)γ2(4γ − 9)m4c(60αβ + 11αγ + βγ) + 2L2(α(20β(7γ(9γ + 2) + 3) + 11γ(7γ(3γ + 1) + 3))
+βγ(7γ(3γ + 1) + 3))))/(5pi6α3β321233) ,
ρ
5/2
1,6 (t, α, β) = −(L〈q¯q〉2(2fs + 1)(2(5− 2γ)γm2c + 7γL+ L))/(pi4αβ2432) ,
ρ
5/2
2,6 (t, α, β) = (〈q¯q〉2δ(β − β0)(fs + 5)ms(m2c + (α− 1)αt)2)/(15pi4(α− 1)α24)− (〈q¯q〉2ms(2Lm2c(−30γ + ((51− 40γ)γ + 9)fs + 75)
+4(γ − 1)γ(4γ − 9)m4cfs + 5L2(2(7γ + 1)fs + 15)))/(5pi4αβ2432) ,
ρ
5/2
1,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉(2fs + 1)((2γ − 5)m2c(α(γ − 22β)− 4βγ) + L(α(110β − 5γ − 1) + 4(5βγ + β))))/(pi4αβ2733)
−(11〈q¯Gq〉〈q¯q〉δ(β − β0)(2fs + 1)(m2c + (α− 1)αt))/(pi42633) ,
ρ
5/2
2,8 (t, α, β) = (〈q¯Gq〉〈q¯q〉ms(fs(m2c(4α2(228β + 66γ + 11) + 2αβ(456β + 144γ + 119) + 55α(γ + 1) + β(24βγ + 4β + 5γ + 5))
+6L(α(190β + 55γ + 11) + 5βγ + β)) + 90(γ − 1)((2γ − 5)m2c − 3L)))/(5pi4αβ2833)
−(〈q¯Gq〉〈q¯q〉δ(β − β0)ms(m2c((38α2 − 48α− 1)fs − 30) + (α− 1)αt(30(48(α− 1)α− 1)
+(10α(19α− 20)− 1)fs)))/(5pi4(α− 1)α2832) ,
ρ
5/2
1,9 (t, α, β) = 0 , ρ
5/2
2,9 (t, α, β) = −((α− 1)α〈q¯q〉3tδ(β − β0)fs)/(3pi2) ,
ρ
5/2
1,10(t, α, β) = ((α− 1)α〈q¯Gq〉2δ(β − β0)(2fs + 1))/(3pi426) , ρ5/22,10(t, α, β) = (3(α− 1)α〈q¯Gq〉2δ(β − β0)ms)/(pi427) .
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